Decision support tools for non-destructive estimation of rice crop nitrogen (N) status (e.g., chlorophyll meter [SPAD] or leaf color chart [LCC]) are an established technology for improved N management in irrigated systems, but their value in rainfed environments with frequent abiotic stresses remains untested. Therefore, we studied the effect of drought, salinity, phosphorus (P) deficiency, and sulfur (S) deficiency on leaf N estimates derived from SPAD and LCC measurements in a greenhouse experiment. Linear relations between chlorophyll concentration and leaf N concentration based on dry weight (N dw ) between SPAD values adjusted for leaf thickness and N dw and between LCC scores adjusted for leaf thickness and N dw could be confirmed for all treatments and varieties used. Leaf spectral reflectance measurements did not show a stress-dependent change in the reflectance pattern, indicating that no specific element of the photosynthetic complex was affected by the stresses and at the stress level applied. We concluded that SPAD and LCC are potentially useful tools for improved N management in moderately unfavorable rice environments. However, calibration for the most common rice varieties in the target region is recommended to increase the precision of the leaf N estimates.
Introduction
For more than a decade, considerable efforts have been made to develop and establish improved nutrient management options for rice (Oryza sativa L.). The goals were concepts and tools allowing site-and season-specific (i.e., real-time) adaptation of nutrient management recommendations [1] . These efforts resulted in technologies contributing considerably to increased productivity of Asian rice farmers, improved use efficiency of scarce and expensive resources, and reduced detrimental environmental effects [2] . However, these developments are mostly limited to irrigated systems because the improved nutrient management technologies did not target rainfed rice systems. But recent developments show that, because of the increasing availability of input responsive varieties for rainfed lowlands [3] , these environments are characterized by the fastest yield growth rates, often enabled by increasing fertilizer use. Therefore, improved fertilizer technologies are also needed for rainfed lowlands in order to increase the productivity of rice farming in these environments to maximize the efficiency of fertilizer use and to minimize negative environmental side effects of such practices.
Nitrogen (N) as the most commonly used fertilizer element and the one limiting growth in the majority of environments is the most adequate target for site-and seasonspecific nutrient management. In irrigated environments, portable field tools to monitor crop N status are increasingly used for the fine-tuning of N management throughout the season. Widely used tools in rice are the chlorophyll meter (SPAD) and the leaf color chart (LCC) [4] [5] [6] [7] . Both tools are based on the relation between leaf chlorophyll concentration, which largely determines leaf color, and is an important parameter determining photosynthetic rate and biomass production and leaf N concentration (e.g., [8] ). However, it is well known from field observations that International Journal of Agronomy abiotic stresses, which are much more common in rainfed rice environments than in irrigated systems, can affect leaf color [9] . Widespread abiotic stresses in rainfed lowlands are drought, submergence, salinity, P deficiency, and soil acidity; less common stresses are K, S, Zn, and Fe deficiency and Fe toxicity [3, 10] . However, little is known whether and how such leaf color changes in rice affect estimates of crop N status based on tools such as SPAD or the LCC.
Therefore, the objective of our study was to investigate in a greenhouse trial (i) the effect of selected abiotic stresses on chlorophyll and leaf N concentration and (ii) to evaluate whether leaf N estimates based on SPAD or LCC measurements would still be reliable under these conditions. A set of different rice varieties were used in the study to represent typical germplasm grown in rainfed environments and also to include potentially different varietal response to abiotic stresses.
Materials and Methods
We conducted a greenhouse experiment at the end of the dry season/beginning of the wet season in 2005 (April to July) at the International Rice Research Institute (IRRI) in Los Baños, Laguna, Philippines (14 • 11 N, 121
• 15 E; elevation 21 m). Treatments were designed to investigate the effect of four different abiotic stresses: drought (±W), salinity (±SAL), phosphorus deficiency (±P), and sulfur deficiency (±S). All treatments and varieties used are shown in Table 1 . The varieties used were chosen to represent recently developed, modern germplasm (IR72, IR65192-4B-10-3, PSBRc9) as well as older or even traditional cultivars (Mahsuri, Swarna, Dular). Two of these cultivars were reported to have a higher stress tolerance, IR65192-4B-10-3 for salinity [11] and Dular for P deficiency [12] . Each treatment × variety combination was replicated three times, and each replication consisted of four pots with three individual rice plants (except for salinity stress, for which only two plants per pot were used). Inner pot diameter was 0.15 m for salinity treatments (including the nonsaline control) and 0.25 m for all other treatments. Soil column depth was 0.45 m for the water stress treatments, 0.2 m for S and P treatments, and 0.12 m for the salinity treatments.
Drought stress was applied by lowering the soil water potential to around −50 kPa at 15 cm depth from 34 to 46 days after seeding (DAS) and from 75 to 84 DAS (monitored daily with ceramic cup tensiometers following the protocol described in [13] ). According to Bouman and Tuong [14] , this soil moisture potential represents considerable drought stress for most rice varieties. In all nondrought treatments, a water layer of 0.05 m depth was maintained from early seedling stage (10 DAS) to harvest. For the salinity treatment, perforated pots were used, and all pots of one replication were placed in a large tub. For the saline treatment, water conductivity in the tub was maintained at 0.3 S m −1 in the early phase (21 to 40 DAS) and at 0.6 S m −1 in the later growth stages (41 DAS to maturity), which was monitored and adjusted daily (modified from [15] ). Soils used for the experiment were collected from the IRRI experimental farm at Los Baños, Laguna, for the drought and salinity 240 g SO 2 kg −1 ). The nutrient amount applied per plant was 300 mg N, 87 mg P, 166 mg K, and 87 mg S (but the ammonium sulfate fertilizer was only used in the +S treatment). No P and no S were applied in the P-stress and the S-stress treatments, respectively. All fertilizers were incorporated before seeding.
For P, S, and salinity treatments, leaf chlorophyll and leaf N parameters were determined at 29, 50, and 68 DAS. For the drought treatment, the same parameters were determined before the stress period (34 and 75 DAS), at the end (47 and 85 DAS), and 10 days after the stress period (57 and 95 DAS). At each sampling date and for each treatment, measurements started with a chlorophyll meter (SPAD-502, Minolta) and a leaf color chart reading (LCC, IRRI standard). SPAD and LCC readings were conducted for 12 leaves (one youngest fully expanded leaf [Y-leaf] of each plant in a pot); for measurement procedures see Peng et al. [16] and Balasubramanian [17] . All measured Y-leaf blades were detached and immediately stored on ice. Six of these Y-leaves were used for further determination of leaf spectral reflectance (spectrophotometer CM-3700d, Minolta), leaf area (LI-3000, LiCOR, Lincoln, NE, USA), dry weight, and total N. Reflectance was measured in 10-nm bandwidths from 400 to 700 nm wavelength (three scans per leaf blade). Dry weight was determined after ovendrying at 70
• C to constant weight. Specific leaf weight (SLW) was calculated as the ratio of dry weight to leaf area. Total leaf N was analyzed by micro-Kjeldahl digestion and distillation [18] . Leaf N concentration was expressed on a dry weight (N dw ) and leaf area (N a ) basis. The other six Yleaves were used for the determination of chlorophyll content according to Mackinney [19] . Chlorophyll concentration was also expressed on a dry weight (Ch dw ) and leaf area (Ch a ) basis. At maturity, all above-ground biomass was harvested and analyzed for panicle number, grain yield, grain moisture content, and straw yield.
For each stress, all pots with a different treatment x variety combination were clustered in a block, and all blocks were oriented perpendicular to the southern side of the greenhouse to ensure a homogeneous exposure to the light gradient along the greenhouse wall. Distance between the pots was about 0.15 m. The experimental layout within each block represented a randomized complete block design. Standard ANOVA and linear regression analysis, including the F-test for homogeneity of regression coefficients, were applied for the statistical analysis using Jandel Scientific Software SigmaStat 2.0 (SPSS Science, Chicago, IL, USA).
Results

General Indicators and Effects of the Applied Stresses.
In the drought stress treatment (−W), the water tension at 0.15 m depth was fluctuating slightly around the target of −50 kPa, and the observed average soil water tension was −47 kPa during both drought phases. But, contrary to expectations, drought stress consistently and significantly increased grain yield, straw yield, and tiller number per pot (Table 1) . Mahsuri had a significantly higher straw yield, and Swarna had the highest average grain yield. Salinity (+Sal) as well as P deficiency (−P) significantly reduced grain yield, straw yield, and tiller number, but only straw weight was significantly affected by the sulfur treatments (±S). Average P concentrations of the Y-leaf measured at 29, 50, and 68 DAS in both P treatments differed significantly only at 29 DAT (1.1 g kg −1 and 1.3 g kg −1 for IR72 and the -P and +P treatment, resp.; 0.9 g kg −1 and 1.1 g kg −1 for Dular and the -P and +P treatment resp.), but all P concentration values were close to the critical lower value of 1 g kg
P, a threshold suggested by Dobermann and Fairhurst in [9] . Y-leaf S concentrations also differed significantly at 29 DAS (2.4 g kg −1 and 2.6 g kg −1 for IR72 and the -S and +S treatment, resp.), but both values were above the critical lower value of 1.6 g kg −1 S [9] . However, the observed S concentrations were at or even below this threshold at later samplings (1.6 g kg −1 at 50 DAS, 1.3 g kg −1 at 68 DAS) but no differences between treatments could be detected anymore.
Stress Effect on Non-Destructive Leaf-N Estimation.
The relationship between Y-leaf chlorophyll and N concentration based on dry weight (Ch dw and N dw ) for all individual measurements is shown in Figure 1 , which includes data from samplings of all treatments, varieties, and crop growth stages (n = 210). Although the values cover a considerable range, a linear relationship is strongly indicated and highly significant. Linear regression analysis for the individual treatments (average of all varieties in one treatment) showed homogeneity of regression coefficients with the exception of the +W treatment. Because the latter was caused only by a few early measurements for variety Swarna (low N dw and high CH dw values, see Figure 1 ), the regression was calculated for the complete data set. In Figure 2 , SPAD and LCC values were adjusted for leaf thickness (specific leaf weight (SLW)) because of the previously described effect of leaf thickness on the relation between leaf color measured by SPAD or the LCC and leaf N based on dry weight [20] . Data from all samplings (including all treatments, varieties, and crop growth stages; n = 210) were used for calculating the linear Leaf spectral reflectance scans were conducted to verify whether the reflectance patterns were influenced by the applied stresses. Figure 3 shows representative scans for all stress and control treatments at 29 DAS (for salinity, P and S deficiency) and at 47 DAS (at the end of the first drought phase for the water stress setup). Although there were differences in reflectance between treatments and varieties, the reflectance pattern over the scanned wavelength interval remained stable. The same observation applied to all other scans conducted at the other sampling dates (data not shown). The field observation of a comparatively dark leaf color for the variety Swarna was confirmed by the observed low reflectance values (Figure 3 ). Darker leaf colors were also indicated by the low reflectance values for the stress treatments +Sal and -P, which also confirms field observations of darker leaf colors for stressed plants. In contrast, S deficiency is characterized by lighter leaf colors, fitting to the high reflectance values at 550 nm for this treatment. To test the hypothesis that reflectance is a better indicator of leaf N than SPAD or LCC because it is less influenced by leaf thickness [21] , we compared the reflectance at 550 nm (maximum reflectance for all scans conducted) with leaf N dw for all treatments, varieties, and crop growth stages (n = 210). Reflectance does increase with decreasing N dw , but the same reflectance indicates much higher N dw values in early plant development compared with later development stages (Figure 4) . Within each sampling period, no significant effects of applied stresses on reflectance versus N dw relations could be detected using the F-test for homogeneity of regression coefficients. for all varieties (Table 3 ). Contrary to this observation, the other stresses increased both chlorophyll and leaf N concentration (Table 4) . Although there was a considerable varietal effect on the parameters presented, treatment × variety effects were, with only one exception (SLW in the P treatments), never significant, indicating that varieties reacted in the same way to each particular stress applied. The always significant effect of sampling time illustrates that all parameters are dynamic during crop development. Observed SLW values did differ between varieties and sampling times but stress treatments caused only very small and inconsistent SLW changes (Table 4 ). The trends for chlorophyll and leaf N concentration based on dry weight (Ch dw and N dw ) are presented in detail in Table 5 . This clearly shows the considerable range both values take across all samplings although all plants received the same amount of N. However, it also indicates that most of the variability is explained by sampling time whereas a smaller part is due to the stress treatment and variety used (data for the varieties Mahsuri and PSBRc9 are not shown).
Abiotic Stresses and Their Effect on the Dynamics of
The dynamics of Ch a and N a for all four stresses is shown in Figure 5 . Because varieties reacted largely in the same way to the stresses (no significant T × V interaction; Tables  3 and 4) , only treatment means across varieties are shown. According to Peng et al. [5] , N a decreases only a little in early crop development and tends to be stable thereafter. For the treatments +W, ±Sal, and ±S, we observed a similar dynamics although the initial drop in N a is considerable for the ±S treatments. Contrary to this development, droughtstressed plants were characterized by constantly decreasing N a values and both P treatments by continuously high N a concentrations. Chlorophyll concentration (Ch a ) dynamics were similar to the dynamics of N a , except for both P treatments, in which Ch a peaked at the sampling 50 DAS. Figure 5 also shows that the stresses applied increase N a and Ch a simultaneously in all treatments except for drought, which has opposite effects on N a and Ch a .
Discussion
Different indicators were used to verify successful stress application in the various treatments. The stress level in the drought phases of the -W treatment was established by maintaining an average soil water potential of −47 kPa at 15 cm soil depth. According to Bouman and Tuong [14] , this represents considerable water stress and usually causes rice yield reductions of 10% to 40% if occurring regularly throughout the cropping season. The applied drought stress had significant effects on leaf chlorophyll and N concentrations (Table 3) and influenced leaf N concentration dynamics over time ( Figure 5 ). But, in contrast to the expected consequences the -W treatment increased biomass production at harvest, similar to reports in which midseason drainage increased yields in field experiments [14, 22] . Possible explanations are that the temporary aerobic conditions increased the average soil N supply or induced increased root development, or both, thus compensating for reduced growth during drought phases. Unlike for drought, biomass at harvest was a good indicator for the applied stress in the salinity (+Sal) and P-deficiency (-P) treatment (Table 1) . Additional evidence for the applied stress in the -P treatment was the low soil P availability (Table 2) Tables 3 and 4). even the +P treatment was still limited by P, explaining the comparatively low biomass production ( Table 1 ). The dominant P limitation also explains the continuously high leaf N a (Table 4, Figure 5 ). Because P limited growth, it was diluted as much as possible in the plant tissue (source limitation) whereas sufficient N was available for the limited growth, causing plant N accumulation due to the sink limitation [23] . High stress in the salinity treatment was clearly shown by the almost complete yield loss in the +Sal treatments. Less obvious was the stress level in the ±S treatments. Leaf S concentrations at the early sampling (29 DAS) did not indicate S deficiency, but the observed values were at or below the threshold value at later samplings. Sulfur deficiency was also suggested by the significant treatment differences for the Y-leaf S concentrations at 29 DAS, for straw weight at harvest, and for the leaf chlorophyll concentration (Tables  1 and 4 ). However, the comparatively low total biomass for both S treatments and the low leaf S concentration at both later samplings indicated that most of the applied S in the +S treatment was not plant available, causing considerable S deficiency in both S treatments. The reason for the missing S response in the +S treatment remained unclear. Limited response to S application was reported for alkaline soils and when the S was applied too late in the season but both conditions do not really apply in this experiment.
Leaf photosynthetic rate and leaf N concentration are closely related (e.g., [8] ), as most of the leaf N is bound in enzymes associated with chlorophyll. Because it was unclear whether and to what extent the applied stresses could affect the close interaction between chlorophyll and leaf N concentration, both parameters were determined for all treatments. Figure 1 indicates a linear relation between both parameters within the observed range but the values scatter considerably around the linear regression line. This might be mostly caused by the measurement of these parameters from two different leaf samples (both measurements were destructive and not possible for the same sample) and imprecision of the analysis. However, a small and not significant effect of the applied stresses on the chlorophyll versus N-concentration ratio cannot be excluded. Especially for drought stress, such an uncoupling of both parameters is strongly suggested by the stress-induced decrease in chlorophyll (in mg g −1 ) and the simultaneously stable or slightly increasing N dw (Table 3, Figure 5 ). Nang [24] described the same phenomenon for stress phases with −80 kPa soil water tension but found no effect at −20 kPa soil water tension (both measured at 0.15 m depth). A similar effect was not detected for any of the other stresses applied (Table 4) . Past research on the relation between Y-leaf N dw and SPAD readings in rice showed repeatedly that the linear regression equation describing this relation was influenced considerably by growth stage and genotype [20, 21, 25] . Peng et al. [20] demonstrated that these differences were largely due to differences in leaf thickness (SLW) and that the prediction of N dw from SPAD readings across genotypes and growth stages was improved markedly by adjusting SPAD values for SLW. Yang et al. [6] confirmed the same mechanism for LCC measurements. Accordingly, acceptable regression coefficients were achieved for our data set when SPAD and LCC readings were adjusted for SLW (Figure 2 ), but closer relations (i.e., higher regression coefficients) were repeatedly reported in studies using fewer varieties or more homogeneous trial conditions [6, 16] . Lower precision was also reported by Witt et al. [21] , who included a large number of different varieties in their study. It is most likely that, in our study, varietal differences and abiotic stresses contributed to a larger scatter even though an uncoupling of chlorophyll and leaf N was indicated only for the drought stress. Peng et al. [26] described slightly increased SPAD values at the same N dw level resulting from P deficiency in early growth stages, but the same study could not confirm any effect of K nutrition. Why the LCC failed to predict N dw at early growth stages (≤ 30 DAS) in our study (Figure 2(b) ) remained unclear; Shukla et al. [7] previously reported good correlation between SPAD values and LCC scores even at very early growth stages.
Leaf spectral reflectance was measured for two reasons. First, we hypothesized that any damage to the photosynthetic International Journal of Agronomy complex by abiotic stress would change the reflectance pattern. But, the results indicated that, although there were differences in the intensity of reflectance between varieties and treatments (see Figure 3) , the basic reflectance pattern did not change. This confirms results of Witt et al. [21] and indicates that the applied stresses affected photosynthesis as a whole rather than affecting individual components of the photosynthetic complex. But, the finding of Witt et al. [21] that SLW had no influence on light reflectance measurements could not be confirmed (Figure 4) . By using all spectral data for the prediction of leaf N content as was done by Witt et al. [21] , this influence became smaller. However if only the wavelength with maximum reflectance was used (550 nm ± 5 nm in Figure 4 ), sampling date, and thereby SLW, did affect the reflectance versus N dw relations. The most likely explanation is that leaf thickness did affect the ratio of reflected and penetrating light during the scan, that is, younger, thinner leaves had a higher reflectance value at the same N/chlorophyll content because of lower light penetration/transmission. Compared with N dw , rice leaf N concentration based on area (N a ) is much more stable throughout the growing period because the decreasing leaf N dw is compensated for by increasing leaf thickness. Nevertheless, Peng et al. [5] showed that N a decreases slightly in early crop development (until about 45 DAS) and increases slightly in later crop development (from about 75 DAS). This pattern was largely reconfirmed in the treatments +W, ±Sal, and ±S ( Figure 5 ). However, leaf N concentration was continuously high for both P treatments perhaps, as indicated above, because both treatments were P deficient ( Figure 5 , Table 4 ). Peng et al. [26] also observed increased leaf N concentration under P deficiency at midtillering, and the higher leaf N and chlorophyll concentration could also explain the dark green color of P-deficient plants/leaves. Drought seemed to disrupt the above-described normal N a development, leading to an irregular decrease in N a from the first drought phase onward. More detailed samplings by Nang [24] demonstrated the same effect, but his study did not continue measurements beyond 50 DAS and used only a single stress phase.
We concluded that abiotic stresses affected leaf N and chlorophyll concentrations but did not change leaf reflectance patterns or the general linear correlation between leaf N and leaf chlorophyll concentration at the stress levels tested. Observed SPAD and LCC measurements adjusted for leaf thickness were linearly correlated with leaf N and chlorophyll concentration, but applied abiotic stresses and varietal differences decreased the precision of the relationship. Therefore, both measurement tools could not be used to accurately estimate leaf N. However, less precision is needed for the use of SPAD or the LCC as decision support tools for N management. In addition, calibration for the most commonly used varieties in a target region should be used to increase the predictive value of the leaf color measurements. Severe abiotic stresses in the target area for SPAD/LCC technologies are unlikely because farmers will usually not apply significant fertilizer quantities in fields which repeatedly experienced, for example, strong drought or serious other limitations (e.g., strong P deficiency). Thus, abiotic stresses are likely to be limited, and their effect on the accuracy of leaf N predictions based on SPAD or LCC measurements will be small in most cases. We therefore believe that both tools can help to improve N management of rice crops in moderately unfavorable environments. The next steps towards such a technology are on-farm trials determining the agro-economic value and feasibility of these tools in rainfed rice systems.
